at individual synapses was variable. Quantitative analyaxons, which were then subjected to stimulation at 5 Hz sis of two groups of synapses that had been exposed for 30 min to induce vesicle cycling. Electron microscopy to "low" and "high" PP-19 concentrations, respectively showed that the peptide caused a severe disruption of (as judged from the fluorescence intensity of the injecthe synaptic structure, in contrast to only minor changes tion marker; see Experimental Procedures), indicated in stimulated control synapses (see below). The synaptic that this variability was due to a relation between the vesicle pool was greatly reduced (Figure 2A ; Table 1). number of free coated vesicles and the relative peptide The plasma membrane showed large pocket-like expanconcentration (see legend of Table 1 ). At the higher sions (curved arrows in Figure 2A ; curvature index in Table 1 -4D) , and, although they were expected to inhibit dephosphorylation of phosphoinosicomparatively few, they occurred in every synapse extides, which could retard the shedding of the coat. The amined (n ϭ 12; Table 1 ). In axons injected with inactive possible involvement of endophilin in the membrane control IgG and subjected to the same stimulation protorecruitment of synaptojanin was examined with a lipocol ( Figure 4E ), synapses had a structure similar to that some binding assay (Takei et al., 1998) . In this assay, found in stimulated GST-injected and uninjected control the liposomes are used as a membrane template to axons (see above), and no free coated vesicles were study binding of proteins from brain cytosolic extract. detected (Table 1) . Synapses in axons that had been Prominent binding of synaptojanin, endophilin, and dymaintained at rest (in low-Ca 2ϩ solution) following LSJ-1 namin, as determined by Western blotting, was obantibody injection had a structure similar to that of PPserved after incubation with control cytosol (Figure 3C ).
19-injected axons maintained at rest, again with no deWhen the cytosol had been preincubated with PP-19, tectable free coated vesicles (data not shown). the binding of endophilin was not affected, but that of synaptojanin was drastically reduced (Figures 3C and
Taken together, the effects of PP-19 and LSJ-1 indi-and 6A). Two differences from the effects of PP-19 were, however, observed. No free coated vesicles were detected, presumably due to a stronger inhibition of fission relative to the inhibition of uncoating. Furthermore, the majority of the coated pits induced by GSTendoSH3 had an elongated neck that was often surrounded by one or more electron-dense ring-like structures ( Figures  5B-5D and 6 ). The length of the neck could reach up to 130 nm. The coated pits induced by GSTendoSH3 were reminiscent of the coated pits with dynamin-coated tubular necks induced in vitro by GTP␥S (Takei et al., 1995; cf. also Koenig and Ikeda, 1989 ). The generation of such tubular necks depends on endophilin (see Ringstad et al., 1999, and Discussion). We found that coated pits with tubular necks surrounded by rings can be induced at living synapses by microinjection of GTP␥S followed by stimulation (data not shown). The necks of these coated pits were even longer than those induced by GSTendoSH3, and the rings appeared more regular and thicker (the effects of GTP␥S will be described in further detail separately; J. G. et al., unpublished data). Taken together, the effects of PP-19, GSTendoSH3, and GTP␥S on clathrin-coated pits provide morphological support for a role of endophilin and its SH3 domain also tioning has confirmed this observation. In synapses with suggests that the SH3 domain of endophilin is involved deep infoldings of the plasma membrane, both invagibut not critically required in the fission reaction. nated coated pits and a low number of free coated With regard to uncoating, the effect of PP-19 can vesicles were observed. Synapses lacking such plasma be explained by inhibition of the interaction between membrane infoldings only contained shallow coated endophilin and synaptojanin, which could impair the repits. Thus, the "early" antibody blockade appears to cruitment of the latter (see below). The specific contribube bypassed when the plasma membrane structure is tion of synaptojanin (versus dynamin) to this effect is disrupted by infoldings, and the endophilin antibodies supported by the accumulation of free coated vesicles then appear to inhibit fission and uncoating. induced by synaptojanin antibodies. Moreover, our recent studies have shown that microinjection of dynamin
A Possible Switch between Fission and Uncoating antibodies inhibits synaptic vesicle endocytosis without
Regulated by the Endophilin SH3 Domain inducing free clathrin-coated vesicles (H. G. et al., unNumerous electron microscopic studies have conpublished data). The synaptojanin antibodies produced cluded that free clathrin-coated vesicles are very rare or fewer free coated vesicles than did PP-19, possibly due absent in nerve terminals even after massive stimulation, to the different nature of the two reagents with regard which suggests that uncoating in the synaptic vesicle to, for example, diffusion and steric hindrance effects.
cycle is rapid (reviewed by Heuser, 1989) . ClathrinIt is also possible that synaptojanin has multiple funccoated pits, on the other hand, are commonly seen after tions in the synaptic vesicle cycle and that the antibodies stimulation. It would appear that some mechanism pregenerally impaired these functions, whereas PP-19 invents uncoating at the coated pit stage but allows its terfered more selectively with the function in uncoating.
catastrophic occurrence after fission, suggesting a The low number of clathrin-coated intermediates inswitch closely linked to fission. Such a switch would duced by LSJ-1 antibodies (Table 1) Liposomes composed of a bovine brain extract (type I Folch fraction were designed from the four stretches, and a random primed lam-I, Sigma) were prepared as described (Takei et al., 1998) . Rat brain prey CNS cDNA library was screened by nested PCR. The resulting cytosol (0.5 mg/ml final concentration) was preincubated for 2 hr at PCR product was used as a probe to isolate several clones from 4ЊC with peptides in 0.3 ml of "cytosolic" buffer (25 mM HEPESthe same cDNA library. The 3Ј and 5Ј ends of the mRNA were cloned KOH [pH 7.4], 25 mM KCl, 2.5 mM magnesium acetate, 150 mM with the RACE method (Boehringer Mannheim and Clontech) using K-glutamate) supplemented with 0.2 mM GTP, 2 mM ATP, and an oligonucleotides from the known part of the sequence and an oligo-ATP regenerating system (Takei et al., 1998) . In addition to PP-19 dT primer. In addition, the Advantage-GC kit (Clontech) was used and PP-15, a control peptide corresponding to amino acids 1099-for the 5Ј RACE. Sequencing was performed by KIseq, Karolinska 1107 of rat synaptojanin was used. Liposomes (0.25 mg/ml final Institutet, and by Keck Biotechnology, Yale University. Sequence concentration) were added to the mixture (0.4 ml final volume), and alignments were performed using Lasergene software and the GCG samples were incubated for 15 min at 37ЊC. Samples were then program package. To obtain antibodies (LSJ-1), a GST fusion protein loaded on a bed of 0.5 M/2 M sucrose and centrifuged at 150,000 ϫ containing amino acids 907-1226 of the PRD was expressed in a g in a TLA100.2 rotor (Beckman) for 30 min at 4ЊC. Liposomes colpGEX-6P-2 vector (Amersham Pharmacia) and used to immunize a lected at the interphase were washed in 0.5 ml of "cytosolic" buffer, rabbit. The antigen was coupled to a NHS-activated Hi-Trap column resuspended in 0.2 ml of sample buffer, and processed for SDSthat was used to affinity purify the antibodies. They were further PAGE and Western blotting. Quantification of autoradiograms were purified with protein A Sepharose (Amersham Pharmacia).
performed by optic densitometry (Bio-Rad). 
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